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Abstract In situ measurements of physical and biogeochemical variables were conducted 
along a transect in the Exclusive Economic Zone (EEZ) of Qatar during late summer (September 
2014) and winter (January 2015) to investigate their vertical, spatial and temporal variability. 
The study reveals that the water column is characterized by strong stratification during late 
summer in the deepest station, where the water depth is around 65 m and the surface to bot- 
tom temperature variation is around 9.1 °C. The water column is vertically homogeneous during 
winter due to surface cooling and wind mixing. The surface to 23 m water column is charac- 
terized by ample dissolved oxygen (DO) during late summer and winter in the offshore regions, 
however, relatively low DO is found during late summer due to weak mixing and advection 
under weak winds and currents. Dissolved oxygen drops to hypoxic levels below the summer 
thermocline, and the winter high DO layer extends up to the bottom. Chlorophyll- a (Chl- a ) is 
relatively high during late summer in the offshore region, while that in the nearshore regions 
is very low, which is linked to the anthropogenic stresses from the central east coast of Qatar. 
The results identified in this study fill an essential gap in the knowledge of regional primary 
production dynamics. 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and 
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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The Arabian Gulf (hereinafter referred to as “the Gulf”) is
a semi-enclosed shallow water body, located between 24 °N
and 30 °N and connected to the Arabian Sea through the
Strait of Hormuz ( Figure 1 a). The physical and biogeochem-
ical aspects of the Gulf are unique due to its hypersaline
nature and are modulated by the seasonal variability of
the driving forces ( Yigiterhan et al., 2020 ). The surface
circulations in the Gulf are primarily connected to the
seasonal winds, excessive heating/cooling and fresh water
discharge from the Shatt-al-Arab River ( Chao et al., 1992 ).
However, the vertical distribution and spatial variability of
physical and biogeochemical parameters in the Gulf are not
only linked with the surface circulations, but also formed
as a result of the exchange of water masses between the
Gulf and the Sea of Oman ( Reynolds, 1993 ). Anthropogenic
pollutant influxes from the onshore and offshore facilities
will also alter the sea water properties of the Gulf to a good
extent ( Freije, 2015 ). 
Shamal winds are the dominant wind systems in the Gulf,
which occur during summer and winter ( Perrone, 1981 ;
Rao et al., 2001 ). These winds are relatively stronger and
persistent during winter, causing relatively high evaporation
during winter than summer ( Al-Ansari, 2006 ). Sea surface
temperature (SST) in the Gulf is primarily controlled by the
excessive heating during summer and cold and dry winds
during winter; evaporation is much higher than the net
precipitation and river discharges ( Alosairi et al., 2020 ;
Noori, et al., 2019 ; Reynolds, 1993 ). Such climate-induced
variabilities are also evident in other physical and chemical
parameters in the Gulf such as salinity, density, dissolved
oxygen (DO) and chlorophyll- a (Chl- a ) ( Al-Ansari et al.,
2015 ; Quigg et al., 2013 ; Subba and Al-Yamani, 1998 ). For
instance, Al-Ansari et al. (2015) identified summer hypoxia
events below 50 m depth in the central Gulf, which is
peculiar to the Exclusive Economic Zone (EEZ) of Qatar in
view of the seasonal variation. 
During the past few decades, the marine and coastal
environments of the Gulf have been subject to increasing
human-induced pressures due to extensive infrastructure
developmental activities, growth of coastal population,
industrial and urban pollution ( Rabaoui, et al., 2020 ;
Sheppard et al., 1992 ). Dredging and land reclamation
operations have resulted in ecological imbalances and
increased environmental stresses. The impact of these
stresses on the long-term sustainability of marine ecosys-
tems in the EEZ of Qatar is not yet fully understood. 
The present study aims at investigating the physical and
biogeochemical variabilities, especially the distribution
of temperature, salinity, density, water masses, DO and
Chl- a in two different seasons (summer and winter) and
the role of currents in the transport of these variables. A
preliminary investigation on the physical and biogeochem-
ical parameters in the EEZ of Qatar is important to assess
the seasonal and spatial variabilities, and understanding
their role in the ecosystem alterations. The significance of
this work stems out from the following studies: (i) Regional
and seasonal hydrography in the prediction of effects of
environmental stress and global change, (ii) water column
structure and water mass distribution to determine the
properties and status of various habitats and (iii) assess-ment of water quality, marine productivity and ecological
status by monitoring marine biogeochemical parameters. 
The paper has been organized as follows:
Section 2 frames the area of study, Section 3 details
the data and methodology, Section 4 explains the major
inferences and discussions and Section 5 summarises the
important findings. 
2. Area of study 
Qatar Peninsula is located at the central Gulf with approx-
imate dimensions of 85 × 160 km (area: ≈ 11,437 km 2 )
projecting northwards from the Arabian Peninsula into the
Gulf, centred at 25 °N and 51 °E. The geographical setting
of Qatar peninsula firmly influences the currents, waves
and sedimentation pattern along the central and southern
Gulf. Several other elements of the ecosystem such as
biological productivity and nutrient regeneration might
also be influenced by physical and geographical settings
( Al-Ansari, 2006 ). The EEZ of Qatar occupies the region
between the longitudes of 51 °00 ́E and 52 °30 ́E and the
latitudes of 24 °50 ́N and 26 °58 ́N ( Figure 1 b ) . The total area
of the EEZ is about 35,000 km 2 ( Al-Ansari, 2006 ). 
3. Data and methods 
The vertical profiles of physical variables in the water col-
umn were measured using Conductivity-Temperature-Depth
(CTD) system (SBE-911plus CTD) onboard r/v Janan during
September 2014 and January 2015 (hereafter referred to
as late summer and winter, respectively) at five sampling
locations ( Figure 1 b), representing different water masses.
The density, often represented by potential density (sigma-
t), has been obtained from the CTD records using the
formula described in Fofonoff and Millard (1983) . Sea water
samples for the analysis of biogeochemical parameters,
DO and Chl- a , were collected using new, acid cleaned
PVC-Niskin bottles of 12-litre capacity, attached to the
Seabird CTD system. Multiple samples were collected from
each sampling location at different depths. 
The Niskin bottles were pre-cleaned using hot tap water,
followed by double distilled (DD) water, then with dilute
hydrochloric acid (HCl) and finally rinsed with double dis-
tilled de-ionized (DDI) Milli-Q water for 3 times. Samples
for the determination of DO were first to be drained from
the Niskin bottles. During draining, air bubble formation
on the inner surface of hose was prevented. The protocol
described by Parsons et al. (1984) was followed for sample
preparation. The sample bottles were stored in cold and
dark place and further analyses were carried out in the
laboratory using classic Winkler method ( Winkler, 1888 ).
For the determination of Chl- a , the samples were filtered
through 47 mm diameter, 0.45 μm Millipore nitrocellulose
membrane filters in reduced light using Millipore glass
filtration apparatus. During the filtration, a few drops of
saturated MgCO 3 suspension (1%), shaken vigorously before
use, were added. The filter papers were folded into alu-
minium foil, and instantly frozen at —20 °C until the analysis
is done using spectrophotometer ( Parsons et al., 1984 ). 
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Figure 1 (a) The Arabian Gulf and the Exclusive Economic Zone (EEZ) of Qatar and (b) the sampling stations, located in the EEZ 
of Qatar. 
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Table 1 Variation in temperature ( °C), salinity, potential density (kg/m 3 ), DO concentration (mL/L) % and Chl- a ( μg/L) at 
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Sum.’14 
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1 2 32.9 19.3 44.76 44.39 28.002 32.138 3.63 4.89 0.81 4.05 
10 32.9 19.6 44.89 45.77 28.107 33.125 3.50 4.75 1.65 5.13 
26 33.3 19.6 45.70 45.88 28.575 33.195 2.67 4.71 0.73 3.46 
2 2 33.2 19.6 41.48 41.66 25.439 29.961 3.57 4.94 0.68 4.57 
10 33.0 19.4 41.60 41.74 25.601 30.069 3.65 4.79 1.66 4.63 
23 33.0 19.5 41.88 41.76 25.802 30.077 3.63 4.83 0.80 4.94 
3 2 33.1 20.7 39.64 40.77 24.108 28.979 3.82 5.01 6.04 3.25 
10 33.1 20.6 39.95 40.83 24.339 29.068 3.68 4.86 7.41 2.91 
23 33.3 20.2 40.84 41.04 24.925 29.319 3.16 4.78 4.83 5.91 
4 2 32.8 22.0 38.85 40.31 23.626 28.276 4.25 5.06 6.44 5.73 
10 32.9 21.9 39.08 40.34 23.757 28.311 4.08 4.92 1.80 4.46 
28 33.0 21.1 39.81 40.73 24.266 28.841 3.02 4.68 2.55 6.13 
5 2 32.6 22.3 39.44 40.09 24.136 28.012 3.97 4.59 9.39 4.82 
15 32.4 22.3 39.79 40.09 24.471 28.004 3.29 4.58 7.92 4.58 
32 30.6 22.3 40.25 40.11 25.478 28.014 1.97 4.51 10.00 2.94 
47 26.6 22.3 40.31 40.15 26.854 28.043 1.41 4.49 5.61 6.39 
55 23.6 22.3 40.57 40.17 27.988 28.058 1.46 4.43 9.28 6.69 

























































The processed data has been analysed and respective
distribution plots have been made using Ocean Data View
(ODV) 4.0 ( Brown, 1998 ). 
4. Results and discussion 
4.1. Seasonal variations in the physical variables 
The temperature, salinity and density show significant
seasonal variations in the EEZ of Qatar ( Table 1 ). The
temperature variations during late summer and winter
are 23.5—33.3 °C, 19.3—22.3 °C, respectively, where higher
horizontal and vertical variability is found during late
summer. This is because the EEZ of Qatar is affected by
excessive heating of the sun, resulting in the formation of
warm surface layer characterized with low density, which
is separated from the bottom cold water by the seasonal
thermocline layer ( Figure 2 a). Though sea water tempera-
ture is lower during winter, higher evaporation occurs due
to strong winds, especially due to winter shamal winds
( Reynolds, 1993 ), leading to mixing of the water column.
There exists seasonal difference in salinity, although it is
small; 38.85—45.70 and 40.09—45.88, respectively during
late summer and winter. However, the vertical variation
in salinity (a difference of 1.14) in the deepest station
(Stn. 5) during late summer is not strong enough to have a
well-defined stratification ( Figure 2 b ) , unlike that found in
temperature distribution. There is a well-marked difference
in salinity between Stn. 1 and other stations in both the sea-
sons. The higher salinity ( > 44) observed at Stn. 1 is associ-
ated with the brine discharges from the desalination plants
situated in the central east coast of Qatar, which remainsconsistent across the seasons. This impact is also evident in
the nearest station (Stn. 2), where the salinity in both the
seasons is above 41, while all other stations show relatively
low salinity. The cumulative effect of brine discharges in
the recent decades along the Arabian coast is evident from
the exceptional salinity distributions at respective coastal
areas ( Ibrahim et al., 2020 ; Ibrahim and Eltahir, 2019 ). 
Seasonal variability in density is observed in the EEZ of
Qatar ( Table 1 ), where the potential densities during late
summer and winter are 23.626—28.575 kg/m 3 and 28.004—
33.195 kg/m 3 , respectively. The higher densities of each
season are found in the nearshore station (Stn. 1), where the
impact of brine discharge is significant. In the far offshore
station (Stn. 5), the vertical variation in density is negligi-
ble during winter. This is because the water column is well-
mixed due to the influence of strong winter shamal winds.
However, there is a sharp increase in density during late
summer, from surface to a depth of 55 m; beyond that, the
density is constant. Vertical stratification occurs during late
summer in the offshore regions, which is distinguished by
two-layers, wind-driven and density-driven flows in the Gulf
( Figure 3 ) ( Reynolds, 1993 ) . The seasonal variability in den-
sity in the offshore regions is clearly evident as seen in the
box plots ( Figure 4 c) to which the major contribution is com-
ing from the temperature ( Figure 4 a), while the salinity has
no remarkable variation between the seasons ( Figure 4 b). 
The spatial averaged values in different depth layers,
between surface to 32 m ( Table 2 ) show that the mean
temperature is constant in the top two layers (2 m and
10—15 m), while a decrease of 0.3 °C has been found in the
32 m depth in late summer and winter. The mean salinity
increases with the depth in both the seasons, in which a
relatively sharp increase (0.64) is found during late summer
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Figure 2 Profiles of (a) temperature ( °C), (b) salinity, (c) potential density (kg/m 3 ), (d) dissolved oxygen concentration (DO, 
mL/L) and (e) Chl- a ( μg/L) at Station 5 during summer and winter seasons (September 2014 — red) and (January 2015 — blue). (The 
plots are made using Ocean Data View 4.0. ) 
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Table 2 Statistics of measured temperature ( °C), salinity, potential density (sigma-t), DO (mL/L), DO saturation (%) and Chl- a 
concentration ( μg/L) at five locations in a transect in the EEZ of Qatar during late summer and winter seasons. 
Parameter Sampling period 
September 2014 (late summer) January 2015 (winter) 
Depth 2 m 10—15 m 32 m ∗ 2 m 10 m 32 m ∗
Temperature ( °C) 
Mean 32.9 32.9 32.6 20.8 20.8 20.5 
Minimum 32.6 32.4 30.6 19.3 19.4 19.5 
Maximum 33.2 33.1 33.3 22.3 22.3 22.3 
Salinity (PSU) 
Mean 40.83 41.06 41.70 41.44 41.75 41.90 
Minimum 38.85 39.08 39.81 40.09 40.09 40.11 
Maximum 44.76 44.89 45.70 44.39 45.77 45.88 
Sigma-t (kg/m 3 ) 
Mean 25.062 25.255 25.809 29.473 29.715 29.889 
Minimum 23.626 23.757 24.266 28.012 28.005 28.014 
Maximum 28.002 28.108 28.576 32.138 33.125 33.195 
Dissolved Oxygen (mL/L) 
Mean 3.85 3.64 2.89 4.90 4.78 4.70 
Minimum 3.57 3.29 1.97 4.59 4.58 4.51 
Maximum 4.25 4.08 3.63 5.06 4.92 4.83 
Chl- a ( μg/L) 
Mean 4.67 4.09 3.78 4.48 4.34 4.68 
Minimum 0.68 1.65 0.73 3.25 2.91 2.94 
Maximum 9.39 7.92 10.00 5.73 5.13 6.13 
∗ For the uniformity, the data at 32 m depth is chosen instead of the bottom depth (63 m) to derive the statistics. 
Figure 3 Circulation patterns in the Arabian Gulf (sources: Meshkati and Tabibzadeh (2016) , Reynolds, (1993) ). 
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Figure 4 Comparative visualization of (a) temperature, (b) salinity, (c) potential density, (d) DO, and (e) Chl- a at Stn. 5 by box 















































i  etween the bottom two layers (10—15 m and 32 m) com-
ared to the top two layers. Similar variations are found
n the mean densities during late summer. These variations 
re higher than that observed individually in the offshore 
tations, and reflect the relevance of the nearshore fluxes 
nd processes in maintaining the vertical variations of 
hysical variables in the EEZ of Qatar. 
On the other hand, the spatial gradients in salin- 
ty and density are evident along the transect in late
ummer and winter, irrespective of the vertical homogene- 
ty/stratification ( Figure 5 a—b). The large difference in 
alinity and density occurred between the nearshore and 
ffshore stations, indicating that the anthropogenic effects, 
specially the brine discharge, determine the density varia- 
ions near the coast. Higher stress from onshore/nearshore 
nthropogenic sources may gradually advect to the ad- 
acent nearshore/offshore region over a period of time, 
hich may further impact the ecosystem. 
.2. Water masses observed off Qatar 
he analysis reveals the existence of a few water masses 
n the Gulf in late summer with very distinct physical prop-
rties. They are: (i) Qatari Deep Water (QDW) that prevails 
elow the summer thermocline, (ii) Gulf of Salwa Outflow 
ater (GSW), (iii) Open Qatari Water (OQW) and (iv) South-astern Qatari Water (SEQW) ( Figure 6 ) . These water masses
ithin the Gulf are balanced by warm, low salinity Gulf
f Oman Water (WLSOW), which is a surface inflow from
he Sea of Oman characterized by low density. It is more
ronounced during late summer than winter. The excess 
eating within the Gulf over the inflow of WLSOW leads to
urther increase in salinity and thereby forms the summer
hermocline ( Al-Ansari et al., 2015 ). The intrusion of this
ow salinity ( < 40) water mass into the Gulf was clearly iden-
ified by several researchers ( Hunter, 1986 ; Johns et al.,
003 ; Reynolds, 1993 , 2002 ; Yoshida et al., 1998 ). 
.3. Seasonal variations of biogeochemical 
arameters 
.3.1. Dissolved Oxygen 
O concentration during late summer (1.41—4.25 mL/L) is 
ower than winter (4.43—5.06 mL/L) in the EEZ of Qatar
 Table 1 ). The strong winds during winter generate turbu-
ence, which brings more oxygen to the subsurface, leading
o vertical homogeneity and conserved DO ( Figure 2 d).
 converse situation is found during late summer, when
he temperature is high; DO decreases with depth — com-
on in a stratified water column. In the bottom layer
elow 47 m, the DO concentration during late summer
s below 1.5 mL/L ( < 2 mg/L), leading to hypoxia as evi-
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Figure 5 Vertical distribution of temperature ( °C), salinity and potential density (kg/m 3 ) along the transect from Stn. 1 to Stn. 5 


















































dent by Al-Ansari et al. (2015) , causing loss of marine life
( Breitburg et al., 2018 ). The hypoxia in the Gulf occurs when
respiration rate exceeds the rate of photosynthesis in the
bottom waters ( Al-Ansari et al., 2015 ). The vertical distribu-
tion of DO in the offshore station is in direct proportion with
that of temperature, and inverse proportion with that of
salinity and density, indicating that changes in DO are linked
with changes in physical variables ( Figure 2 a—d). Variation
in water temperature has a direct effect on the amount of
dissolved gases ( Chipman et al., 1992 ). There exists distinct
variability in DO in the EEZ of Qatar among the two seasons
as seen in the physical variables ( Figure 4 a—d). The impact
of the water masses ( Figure 6 ) along with the seasonal heat-
ing/winds are quite evident in this variability. Typically, DO
is a representative of a healthy and functioning ecosystem
supporting aquatic life ( Desa et al., 2005 ; EFI, 2010 ). 
The spatial distribution of DO along the transect
( Figure 7 ) shows that DO is at a maximum level during late
summer in the surface layer of the offshore regions, while
in the nearshore regions it is relatively low. However, the
lowest DO during this season is found in the deeper layers of
the offshore region. There is no distinct spatial variation in
DO during winter in the surface layer of the transect, while
a slight decrease is found in the sub-surface and bottom
layers of the offshore region. The mean DO concentrations
in the surface layers along the transect in the EEZ of Qatar
are 3.85 mL/L and 4.90 mL/L, respectively during late sum- 
mer and winter, which is slightly lower than that observed
in a well-oxygenated region in the Gulf ( Al-Ansari, 2006 ). 
4.3.2. Chlorophyll- a 
The EEZ of Qatar is receiving huge amount of solar radiation
during summer, and being shallow regions, sunlight reaches
to the bottom. This brings a relatively higher Chl- a con-
centration in the surface and subsurface layers during late
summer, especially in stations 3 to 5 ( Table 1 ). It is observed
that the nutrient levels are low in the euphotic zone of the
EEZ of Qatar and Chl- a is generally nutrient-limited through-
out the year ( Al-Ansari, 1998 ). In the thermocline layer,
with the presence of oxygen and sufficient sunlight, the nu-
trient concentration increases in the subsurface, allowing it
to increase the Chl- a at the intermediate depths during late
summer ( Figure 2 e). However, in the bottom layers, though
nutrients are high, the absence of oxygen and sunlight
restricts the values of Chl- a , and hence lower values are
observed. On the contrary, mixing of water column during
winter allows transport of sufficient oxygen to the bottom,
and this favours a relatively high Chl- a in the bottom layers.
The Chl- a concentration in the EEZ of Qatar during late
summer varies between 0.41 μg/L and 10 μg/L, and during
winter varies between 2.91 μg/L and 6.69 μg/L ( Table 2 ).
This shows high spatial variability during late summer
than winter ( Figure 3 e), because the nearshore regions
(Stns. 1 and 2) have much lower Chl- a concentration during
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Figure 6 Ɵ/S diagram and local currents at Stn. 5, represent- 
ing late summer and winter seasons. The contours indicate the 
potential density (sigma-t). (The plots are made using Ocean 








Figure 8 Surface Chl- a concentration ( μg/L) along the tran- 
sect from Stn. 1 to Stn. 5 during late summer and winter. (The 



















ate summer ( Figure 7 ). The very low wind speeds during
eptember ( Aboobacker et al., 2020 ) restrict mixing of
ater column, and subsequently advection through wind- 
nduced currents in these regions. Furthermore, the higher 
alinity induced by brine discharge can also impact the 
utrient levels, in the absence of well-mixed behaviour of 
he water column. igure 7 Vertical distribution of DO (mL/L) and Chl- a concentrat
ummer and (b) winter. (The plots are made using Ocean Data View The circulation in the Gulf is dominated by a basin scale,
longated cyclonic eddy during March-July ( Thoppil and 
ogan, 2010 ). The northern flank of the cyclonic eddy flows
s an intense northwestward coastal current along the 
ranian coast and the southern side is characterized with
he return flow (southeastward), north of Qatar where Stns.
, 4 and 5 are located. The cyclonic eddy weakens during
uly—August and disintegrates into smaller cyclonic eddies. 
hese are upwelling eddies and are capable of supplying 
utrients to the upper layers through divergence. These 
ddies present till November, and become unstable and 
issipate during winter period. In the context of currents
revailing in these eddy regimes, the variation of surface
ayer Chl- a is analysed for both summer and winter periods
or Stn. 5 ( Figure 8 ). During September, higher values of
hl- a are observed in the offshore stations 3, 4 and 5ion ( μg/L) along the transect (Stn. 1 to Stn. 5) during (a) late 
4.0. ) 

































































































with values ranging between 6.04 and 9.39 μg/L. It is
evident that relatively stronger southeasterly currents
during September bring in nutrient rich waters of the
upwelling eddies present in the central Gulf, and leads to
the enhancement of Chl- a . However, during winter these
eddies collapse and the nutrient supply through cyclonic
eddies are reduced to the minimum. At a lower scale, the
winter cooling and enhanced wind mixing sustain the Chl- a
off the east and north coasts of Qatar (surface average of
all the 5 stations is 4.48 μg/L). 
5. Conclusions 
The spatial, temporal and vertical distribution of physical
(temperature, salinity, density) and biogeochemical param-
eters (dissolved oxygen and phytoplankton biomass (Chl- a ))
were studied in the EEZ of Qatar, central Arabian Gulf. The
temperature distribution along the transect shows well-
defined variations between late summer and winter, which
is a characteristic feature of the Arabian Gulf waters. In
winter, the upper layers are more homogenous than the late
summer, with less vertical salinity variations. The salinity
differences are not significantly different between the two
seasons, but the temperature presents distinct variations.
The well-mixed, cold waters during January allows the DO
to be uniformly distributed with depth, while the stratified
waters during September reduce the DO towards the deeper
layers in the water column, leading to hypoxic conditions
below 47 m depth. Furthermore, interesting variation is
observed in Chl- a concentration between late summer
and winter, and the fluctuation is quite high with depth
during late summer, and homogenous during winter. The
findings conclude that the productivity of the EEZ waters
of Qatar is directly linked to eddy circulation in the central
Gulf, winter cooling, wind mixing and disintegration of the
cyclonic eddies. Hence, in order to make any assessment
of the productivity of Qatari EEZ, the general circulation in
the central Gulf has to be investigated in detail. 
Acknowledgements 
The authors thank the Environmental Science Center (ESC)
& Department of Biological and Environmental Sciences
(DBES), Qatar University (QU) for funding and supporting
this research project. The data collection was done us-
ing the r/v Janan of Qatar University. Support from the
technical teams and the ship crews are highly commended.
Special thanks to Mr. Mehmet D., Mr. Reyniel M.G., Mr. Faisal
M. Al-Quaiti, Mr. Abdullah C., Mr. Caesar F.S., Mr. Abdol
Ali M. M., Mr. D.M. Genise Estremadur and Mr. Hamood A.
Al-Saadi for their help in sampling and analysis. 
References 
Aboobacker, V.M. , Shanas, P.R. , Veerasingam, S. , Al-Ansari, Ibrahim
M.A.S. , Fadhil, N.S. , Vethamony, P. , 2020. Long-term assessment
of onshore and offshore wind energy potentials of Qatar, Ener-
gies (accepted) . Al-Ansari, I. , 1998. Impact of Land based Discharge on the Nutrients
Variations in the Coastal Waters of Qatar (Arabian Gulf), M.Sc.
Thesis. University of Wales, United Kingdom, 111 pp . 
Al-Ansari, I. , 2006. A Hydrographic and Biochemical Study of Waters
and Sediment of the Exclusive Economic Zone (EEZ) of Qatar
(Arabian Gulf), Ph.D. Thesis. University of Newcastle, United
Kingdom, 226 pp . 
Al-Ansari, E.M.A.S, Rowe, G., Abdel-Moati, M.A.R., Yigiter-
han, O., Al-Maslamani, I., Al-Yafei, M.A., Al-Shaikh, I., Upstill-
Goddard, R., 2015. Hypoxia in the central Arabian Gulf Exclu-
sive Economic Zone (EEZ) of Qatar during summer season. Es-
tuar. Coast. Shelf Sci. 159, 60—68. https://doi.org/10.1016/j.
ecss.2015.03.022 
Alosairi, Y., Alsulaiman, N., Rashed, A., Al-Houti, D., 2020. World
record extreme sea surface temperatures in the northwestern
Arabian/Persian Gulf verified by in situ measurements. Mar.
Pollut. Bull. 161, 111766. https://doi.org/10.1016/j.marpolbul.
2020.111766 
Breitburg, D., Levin, L.A., Oschlies, A., Grégoire, M., Chavez, F.P.,
Conley, D.J., Garçon, V., Gilbert, D., Gutiérrez, D., Isensee, K.,
Jacinto, G.S., Limburg, K.E., Montes, I., Naqvi, S.W.A.,
Pitcher, G.C., Rabalais, N.N., Roman, M.R., Rose, K.A.,
Seibel, B.A., Telszewski, M., Yasuhara, M., Zhang, J., 2018. De-
clining oxygen in the global ocean and coastal waters. Science
(6371) 359. https://doi.org/10.1126/science.aam7240 
Brown, M., 1998. Ocean Data View 4.0. Oceanography 11 (2), 19—
21. http://www.jstor.org/stable/43925566 
Chao, S.Y., Kao, T.W., Al-Hajri, K.R., 1992. Numerical Investigation
of Circulation in the Arabian Gulf. J. Geophys. Res. 97 (C7),
11219—11236. https://doi.org/10.1029/92JC00841 
Chipman, D.W, Marra, J., Takahashi, T., 1992. Primary Production
at 47 ° N and 20 ° W in the North Atlantic Ocean: a compari-
son between the 14C incubation method and mixed layer car-
bon budget observations. Deep Sea Res. 40, 151—170. https:
//doi.org/10.1016/0967- 0645(93)90011- B 
Desa, E., Zingde, M.D., Vethamony, P., Babu, M.T., D’Souza, S.N.,
Verlekar, X.N., 2005. Dissolved oxygen - a target indicator in
determining health of the Gulf of Kachchh waters. Mar. Pollut.
Bull. 50 (1), 73—79. https://doi.org/10.1016/j.marpolbul.2004.
08.014 
Earth Force Incorporated (EFI), 2010. Dissolved Oxygen. [ONLINE]
Available at: https://www.earthforce.org/ViewResource.php?
AID=3 . 
Fofonoff, N.P., Millard, R.C., 1983. Algorithms for the computation
of fundamental properties of seawater. UNESCO Tech. Pap. Ma-
rine Sci. 44, 53 pp. http://hdl.handle.net/11329/109 
Freije, A.M., 2015. Heavy metal, trace element and petroleum hy-
drocarbon pollution in the Arabian Gulf: Review, Journal of the
Association of Arab Universities for Basic and Applied Sciences,
17 (1), 90—100. https://doi.org/10.1016/j.jaubas.2014.02.001 
Hunter, J.R. , 1986. The physical oceanography of the Arabian
Gulf: a review and theoretical interpretation of previous
observations. In: Halwagy, R., Clayton, D., Behbehani, M. (Eds.),
The First Arabian Gulf Conference on environment and pollu-
tion. University of Kuwait, 1—23 pp . 
Ibrahim, H.D., Eltahir, E.A., 2019. Impact of brine discharge from
seawater desalination plants on persian/arabian gulf salinity.
J. Environ. Eng. 145, 04019084. https://doi.org/10.1061/(ASCE)
EE.1943-7870.0001604 
Ibrahim, H.D., Xue, P., Eltahir, E.A., 2020. Multiple Salinity Equilib-
ria and Resilience of Persian/Arabian Gulf Basin Salinity to Brine
Discharge. Front. Marine Sci. 7, 573. https://doi.org/10.3389/
fmars.2020.00573 
Johns, W.E., Yao, F., Olson, D.B., Josey, S.A., Grist, J.P.,
Smeed, D.A., 2003. Observations of seasonal exchange through
the Straits of Hormuz and the inferred heat and freshwater
budgets of the Persian Gulf. J. Geophys. Res. 108 (C12), 3391.
https://doi.org/10.1029/2003JC001881 


































eshkati, N., Tabibzadeh, M., 2016. An Integrated System-Oriented 
Model for the Interoperability of Multiple Emergency Response 
Agencies in Large-Scale Disasters: Implications for the Persian 
Gulf. International Journal of Disaster Risk Science 7, 227—244. 
https://doi.org/10.1007/s13753- 016- 0099- 0 
oori, R., Tian, F., Berndtsson, R., Abassi, R., Naseh, R.M.V., Mod-
abberi, A., Soltani, A., Klöve, B., 2019. Recent and future trends
in sea surface temperature across the Persian Gulf and Gulf of
Oman. PLoS ONE 14 (2), e0212790. https://doi.org/10.1371/ 
journal.pone.0212790 
arsons, T., Maita, Y., Lalli, C., 1984. A Manual of Chemical and
Biological methods for sea water analysis. Pergamon Press, 101—
104. https://doi.org/10.1016/C2009- 0- 07774- 5 
errone, T.J. , 1981. Winter Shamal in the Persian Gulf, Technical
Report TR 79-06. Naval Environmental Predication Research Fa- 
cility, Monterey AD, 79—06 . 
uigg, A., Al-Ansi, M., Nour Al Din, N., Wei, C., Nunnally, C.C.,
Al-Ansari, I.S., Rowe, G.T., Soliman, Y., Al-Maslamani, I., Mah- 
moud, I., Youssef, N., Abdel-Moati, M.A., 2013. Phytoplankton 
along the coastal shelf of an oligotrophic hypersaline environ- 
ment in a semi-enclosed marginal sea: Qatar (Arabian Gulf). 
Cont. Shelf Res. 60, 1—16. https://doi.org/10.1016/j.csr.2013. 
04.015 
abaoui, L., Cusack, M., Saderne, V., Krishnakumar, P.K., Lin, Y.-
J., Shemsi, A.M., El Zrelli, R., Arias-Ortiz, A., Masqué, P.,
Duarte, C.M., Qurban, M.A., 2020. Anthropogenic-induced ac- 
celeration of elemental burial rates in blue carbon reposito- 
ries of the Arabian Gulf. Sci. Total Environ. 719, 135177. https:
//doi.org/10.1016/j.scitotenv.2019.135177 
ao, P.G. , Al-Sulaiti, M. , Al-Mulla, A.H. , 2001. Winter shamals in
Qatar. Arabian Gulf, Weather 56, 444—451 . 
eynolds, R.M., 1993. Physical Oceanography of the Gulf, Strait of
Hormuz, and the Gulf of Oman: Results from the Mt Mitchell ex-
pedition. Mar. Pollut. Bull. 27, 35—59. https://doi.org/10.1016/ 
0025- 326X(93)90007- 7 eynolds, R.M. , 2002. Oceanography. In: Khan, N.Y., Munawar., M.,
Price., A.R.G. (Eds.), The Gulf Ecosystem: Health and Sustain-
ability. Backhuys Publ., Leiden, 53—64 . 
heppard, C. , Price, A. , Roberts, C. , 1992. Marine Ecology of the
Arabian Region: Patterns and processes in Extreme Tropical En-
vironments. Acad. Press, London, 359 pp . 
ubba, R.D.V. , Al-Yamani, F. , 1998. Phytoplankton ecology in the
waters between Shatt Al-Arab and Straits of Hormuz, Arabian
Gulf: A review. Plankton Biol. Ecol. 45 (2), 101—116 . 
hoppil, P.G., Hogan, P.J., 2010. A modelling study of circulation
and eddies in the Persian Gulf. J. Phys. Oceanogr. 40, 2122—
2134. https://doi.org/10.1175/2010JPO4227.1 
inkler, L.W., 1888. Die Bestimmung des im Wasser gelosten
Sauertoffs und die Loslickeit des sauerstoffs in Wasswe. Ber.
Dtsch. Chem. Ges. 21, 2843. https://doi.org/10.1002/cber. 
188802102122 
igiterhan, O., Al-Ansari, E.M., Nelson, A., Abdel-Moati, M.A., 
Turner, J., Alsaadi, H.A., Paul, B., Al-Maslamani, I.A., Al-Ansi
Al-Yafei, M.A., Murray, J.W., 2020. Trace element composition
of size-fractionated suspended particulate matter samples from 
the Qatari Exclusive Economic Zone of the Arabian Gulf: the
role of atmospheric dust. Biogeosciences 17, 381—404 2020. 
https://doi.org/10.5194/bg- 17- 381- 2020 
oshida, J. , Matsuynmn, M. , Senjyu, T. , Ishimaru, T. , Mopinaga, T. ,
Arakawa, H. , Kamatani, A. , Maeda, M. , Otsuki, A. ,
Hashimoto, S. , Kasuga, I. , Koike, Y. , Mine, Y. , Kurita, Y. ,
Kitazawa, A. , Noda, A. , Hayashi, T. , Miyazaki, T. , Takahashi, K. ,
1998. Hydrography in the RSA during the RT/V Umitaka-Maru
cruises. In: Otsuki, A., Abdulraheem, M., Reynolds, M. (Eds.),
Offshore environment of ROMPE Sea area after the war related
oil spill. Terra Sci. Publ. Company, Tokyo, 1—22 . 
